Introduction {#S0001}
============

Nanotechnology is science, engineering, and technology involves the synthesis, characterization, and application of materials by controlling the shape and size at the nanoscale.[@CIT0001] The development of nanomaterials for medical care is an important part of nanotechnology. The European Commission defined "nanomaterial" in 2011 as a natural, incidental, or manufactured material containing particles in an unbound state, as an aggregate, or as an agglomerate. For 50% or more of the particles in the number size distribution, one or more external dimensions are in the size range of 1 nm -- 100 nm.[@CIT0002] Nanomaterials may possess unique physical properties, such as uniformity, conductance, or special optical properties, that make them desirable in biology and material science. Because of large surface area to volume ratio, they exhibit different biomedical activities to materials with normal size.[@CIT0003] The application of nanomaterials can make a significant improvement in the health and daily lives of people during the past two decades.[@CIT0004]

Among the various kinds of nanomaterials, metallic nanomaterials---in particular, silver nanomaterials---have shown great promise in terms of biomedical applications. Silver nanomaterials in medicine allow researchers and clinicians to advance medical imaging by providing more detailed images of cellular processes.[@CIT0005] They facilitate medical diagnosis by means of molecular contrast agents and materials to enable an earlier and more accurate initial diagnosis.[@CIT0006] Silver nanomaterials also improve drug delivery by increasing solubility and thus enhanced bioavailability.[@CIT0007] They are additionally used in cancer therapeutics to kill drug-resistant tumor cells and improve curative effect by low selective target and delivery of these anticancer drugs to tumor tissues.[@CIT0008]

Silver nanomaterials also draw public attention for their extraordinary antimicrobial activity with low toxicity and cost.[@CIT0009] They are used in low concentrations and do not generate bacterial resistance. Various antibacterial actions of silver nanomaterials have been proposed although the exact mechanism of silver nanomaterials' antibacterial effects has not been entirely clarified. Silver nanomaterials release silver ions that penetrate through microbial membranes and disrupt deoxyribonucleic acid replication and protein synthesis.[@CIT0010] In addition, the silver ions can deactivate respiratory enzymes and ultimately cause cell lysis. Silver nanoparticles from nanomaterials can accumulate in the pits of the cell wall and cause membrane denaturation. They are also capable of penetrating bacterial cell walls and cytoplasmic membranes, causing the denaturation of the cell wall and cytoplasmic membrane.[@CIT0011]

Researchers investigated the use of silver nanomaterials in dental materials as an antimicrobial agent for clinical care. For example, silver nanoparticles modified implants were developed to prevent peri-implant infection.[@CIT0012] Plenty of studies investigated silver nanomaterials for caries prevention. Silver nanoparticles are incorporated into adhesives and orthodontic brackets to prevent enamel caries, which is a common complication of orthodontic treatment.[@CIT0013] Silver nanoparticles can also be added to restorative materials to prevent secondary caries, which is a common cause of the failure of a restoration.[@CIT0014] The application of silver nanomaterials to combat dental caries, including the inhibition of biofilm formation and the regulation of the demineralization and remineralization balance, is a promising direction for the prevention and treatment of tooth decay. However, a search found rare review of silver nanomaterials for caries prevention. Thus, the purpose of this study is to perform a systematic review of the use of silver nanomaterials for caries prevention.

Materials and Methods {#S0002}
=====================

Search Strategy {#S0002-S2001}
---------------

Two independent investigators (Yin and Zhao) performed a literature search to identify publications using four commonly used databases: Embase, Medline, PubMed, and Scopus. The search was restricted to publications in English. They searched publications using the keywords of ((silver nanoparticles) OR (AgNPs) OR (nano silver) OR (nano-silver)) AND ((caries) OR (tooth decay)). No publication-year limit was set, and the last search was made on 29 February 2020 ([Figure 1](#F0001){ref-type="fig"}).Figure 1Flow chart of the literature search.

Study Selection and Data Extraction {#S0002-S2002}
-----------------------------------

The two investigators independently checked and excluded duplicate publications from the four databases to generate a list of publications. They screened the titles and abstracts of the publications to identify the potentially eligible list of articles. They excluded literature reviews, case reports, conference papers, publications on silver compounds that were not in nano scale, and studies not related to dental caries and abstracts without full papers. The two investigators retrieved full texts of the remaining publications for review. They selected publications that studied the use of silver nanomaterials on caries prevention, including the use of silver nanomaterials for inhibiting the growth of cariogenic bacteria and the demineralization of dental hard tissue. The two investigators performed a manual screening of the reference lists of the selected publications. They then discussed the inclusion of the selected publications with another investigator (Chu) to achieve an agreement of the list of publications included in this study.

For the publications included, the following information was recorded: the publication details (authors and year), the nanomaterials studied, the methods, the outcomes of the assessments, and other main findings.

Results {#S0003}
=======

The initial literature search found 376 potentially eligible publications (95 articles in PubMed, 67 articles in Embase, 132 articles in Scopus, 82 articles in Medline). A total of 132 duplicate records of publications were removed ([Figure 1](#F0001){ref-type="fig"}). Another 164 publications were removed after the screening of the titles and abstracts because these 164 publications were literature reviews, studies on other silver compounds, studies not related to dental caries, and other irrelevant studies. Full texts were obtained for the remaining 80 publications. A manual search of the references of these selected 80 publications did not identify any additional publications that met the inclusion criteria. Fourteen publications were excluded because they did not study silver nanomaterials' effect on cariogenic bacteria or dental hard tissue. The remaining 66 publications that met the eligibility criteria were included in this review. The silver nanomaterials studied were categorized as silver nanoparticles (n=21), nano silver fluoride (n=7), resin with silver nanoparticles (n=31), and glass ionomer cement with silver nanoparticles (n=7).

Application of Silver Nanomaterials on Caries Prevention {#S0003-S2001}
--------------------------------------------------------

Twenty-one publications investigated silver nanoparticles used for caries prevention. Eighteen of them reported the synthesis of silver nanoparticles and silver nanocomposites, which have the potential to manage caries. One study used silver nanoparticles in dentifrice.[@CIT0015] One study reported coating silver nanoparticles on orthodontic brackets to prevent enamel caries.[@CIT0013] Seven studies reported the use of nano silver fluoride solution for remineralizing early enamel caries and arresting dentin caries.[@CIT0016]--[@CIT0022] Thirty-one studies used resins with silver nanoparticles to prevent caries. Silver nanoparticles were added into restorative materials, such as filling resins and adhesives, to prevent secondary caries.[@CIT0023],[@CIT0024] Silver nanoparticles were also incorporated into the resin of orthodontic materials, such as adhesives, elastomeric ligatures, and removable retainers, for caries prevention.[@CIT0025] A clinical trial reported that a dental sealant with silver nanoparticles was better than a traditional sealant in preventing the enamel caries of first permanent molars.[@CIT0026] Seven studies examined glass ionomer cements with silver nanoparticles for caries prevention. Six of them utilized glass ionomer with silver nanoparticles as orthodontic cements to prevent enamel caries. The remaining study applied it as restorative material to prevent secondary caries.[@CIT0027]

Effects of Silver Nanomaterials on Cariogenic Bacteria {#S0003-S2002}
------------------------------------------------------

Most of the publications (59/67) showed that silver nanomaterials have antibacterial effects mainly on *Streptococcus mutans*. [Table 1](#T0001){ref-type="table"} summarizes 59 publications that studied the antibacterial effects of silver nanomaterials on cariogenic bacteria. Among them, 42 studies measured antibacterial properties using monospecies bacteria, such as *Streptococcus, Lactobacillus, Enterococcus*, and *Pseudomonas*, and 17 studies used oral microcosm. Most studies measured bactericidal properties in vitro, whereas only four studies were operated in vivo, including two animal studies and two clinical trials.[@CIT0013],[@CIT0028]-[@CIT0030] The results of the minimum inhibitory concentration and the minimum bactericidal concentration of silver nanomaterials against cariogenic bacteria have high degrees of variation in different studies.[@CIT0031]--[@CIT0033] The agar diffusion test demonstrated that disks treated with silver nanomaterials have larger inhibition zones compared with disks treated with water.[@CIT0034] In addition, colony-forming unit counts proved that silver nanomaterials have the ability to inhibit the growth of bacteria.[@CIT0029] They also revealed that biofilm treated with silver nanomaterials have less bacteria compared with that treated with water.[@CIT0035] The live-to-dead ratios of the bacteria in biofilm were significantly lower after the application of silver nanomaterials compared with after the application of water.[@CIT0036] Furthermore, biofilm treated with silver nanomaterials reduced the activity of metabolism, the production of lactic acid, and the expression of the glucosyltransferases gene.[@CIT0037] It was evidenced that silver nanoparticles with smaller sizes have a stronger antibacterial effect.[@CIT0038] Meanwhile, antibacterial properties were improved with the increased concentration of silver nanoparticles in materials.[@CIT0039] Capping agents can also influence the bacterial effect of silver nanoparticles.[@CIT0040]Table 1Publications of Silver Nanomaterials and Cariogenic Bacteria (n = 59)NanomaterialStudy Design, BacteriaMain FindingAuthor, YearAgNPsIn vitro study, *S. mutans*MIC: 66.9±0 µg/mLEspinosa-Cristóbal et al, 2009[@CIT0031]AgNPsIn vitro study, *S. mutans*MIC: 141.2±45 µg/mLEspinosa-Cristóbal et al, 2012[@CIT0047]AgNPsIn vitro study, *S. mutans*MIC: 3.3±1.4 µg/mL MBC: 2.4 µg/mLSantos et al, 2017[@CIT0032]AgNPsIn vitro study, *S. mutans*MIC: 19.1 ppmFernandes et al, 2018[@CIT0033]AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthLu et al, 2013[@CIT0048]AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthEmmanuel et al, 2015[@CIT0056]AgNPsIn vitro study, *S. mutans*Inhibited bacterial growthWang et al, 2017[@CIT0057]AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthScarpelli et al, 2017[@CIT0041]AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthKumar et al, 2018[@CIT0058]AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthJesse et al, 2018[@CIT0040]AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthAhmed et al, 2019[@CIT0015]AgNPsIn vitro study, *S. mutans*Inhibited bacteria growth and biofilm adhesionPérez-Díaz et al, 2015[@CIT0049]AgNPsIn vitro study, *S. mutans*Inhibited bacteria growth and biofilm adhesionTavaf et al, 2017[@CIT0059]AgNPsIn vitro study, *S. mutans*Inhibited bacteria growth and biofilm adhesionEspinosa-Cristóbal et al, 2018[@CIT0038]AgNPsIn vitro study, *S. mutans*Inhibited bacteria growth and biofilm adhesionSchwass et al, 2018[@CIT0034]AgNPsIn vitro study, *S. mutans*Inhibited biofilm adhesionEspinosa-Cristóbal et al, 2013[@CIT0051]AgNPsIn vitro study, *S. mutans*Inhibited biofilm adhesionBesinis et al, 2014[@CIT0060]AgNPsIn vitro study, *S. mutans*Inhibited biofilm adhesionFreire et al, 2015[@CIT0036]AgNPsIn vitro study, *S. mutans*Inhibited biofilm adhesionSaafan et al, 2018[@CIT0061]AgNPsRat study, oral microcosmInhibited biofilm adhesionMetin-Gursoy et al, 2017[@CIT0013]NSFIn vitro study, *S. mutans*MIC: 33.5±14.5 μg/mL MBC: 50.3 μg/mLTargino et al, 2014[@CIT0022]NSFIn vitro study, *S. mutans*Inhibited biofilm adhesionSilva et al, 2018[@CIT0018]NSFIn vitro study, *S. mutans*Inhibited biofilm adhesionTeixeira et al, 2018[@CIT0019]Resin with AgNPsIn vitro study, *S. mutans*MIC: 6.1 µg/mL MBC: 6.1 µg/mLHernandez et al, 2010[@CIT0062]Resin with AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthAhn et al, 2009[@CIT0063]Resin with AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthFan et al, 2011[@CIT0064]Resin with AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthAzarsina et al, 2013[@CIT0065]Resin with AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthKasraei et al, 2014[@CIT0066]Resin with AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthHernandez-Gomor et al, 2017[@CIT0025]Resin with AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthMazumder et al, 2018[@CIT0001]Resin with AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthMohammed et al, 2019[@CIT0067]Resin with AgNPsIn vitro study, *S. mutans*Inhibited bacteria growth and biofilm adhesionCheng et al, 2013[@CIT0068]Resin with AgNPsIn vitro study, *S. mutans*Inhibited biofilm adhesionIonescu et al, 2015[@CIT0069]Resin with AgNPsIn vitro study, *S. mutans*Inhibited biofilm adhesionMelo et al, 2016[@CIT0070]Resin with AgNPsIn vitro study, *S. mutans*Inhibited biofilm adhesionCheng et al, 2012[@CIT0071]Resin with AgNPsIn vitro study, *S. mutans*Inhibited biofilm adhesionCheng et al, 2012[@CIT0072]Resin with AgNPsIn vitro study, *S. mutans*Inhibited biofilm adhesionLi et al, 2013[@CIT0037]Resin with AgNPsIn vitro study, oral microcosmInhibited bacteria growth and biofilm adhesionCheng et al, 2012[@CIT0073]Resin with AgNPsIn vitro study, oral microcosmInhibited bacteria growth and biofilm adhesionZhang et al, 2013[@CIT0074]Resin with AgNPsIn vitro study, oral microcosmInhibited bacteria growth and biofilm adhesionCheng et al, 2013[@CIT0075]Resin with AgNPsIn vitro study, oral microcosmInhibited bacteria growth and biofilm adhesionSodagar et al, 2016[@CIT0042]Resin with AgNPsIn vitro study, oral microcosmInhibited biofilm adhesionZhang et al, 2012[@CIT0076]Resin with AgNPsIn vitro study, oral microcosmInhibited biofilm adhesionMelo et al, 2013[@CIT0077]Resin with AgNPsIn vitro study, oral microcosmInhibited biofilm adhesionMelo et al, 2013[@CIT0078]Resin with AgNPsIn vitro study, oral microcosmInhibited biofilm adhesionZhang et al, 2013[@CIT0024]Resin with AgNPsIn vitro study, oral microcosmInhibited biofilm adhesionZhang et al, 2013[@CIT0079]Resin with AgNPsIn vitro study, oral microcosmInhibited biofilm adhesionLi et al, 2014[@CIT0080]Resin with AgNPsIn vitro study, oral microcosmInhibited biofilm adhesionCheng et al, 2016[@CIT0043]Resin with AgNPsIn vitro study, oral microcosmInhibited biofilm adhesionCao et al, 2017[@CIT0081]Resin with AgNPsIn vitro study, oral microcosmInhibited biofilm adhesionDias et al, 2019[@CIT0046]Resin with AgNPsClinical trial, oral microcosmInhibited bacteria growth and biofilm adhesionGhorbanzadeh et al, 2015[@CIT0028]Resin with AgNPsClinical trial, oral microcosmInhibited biofilm adhesionFarhadian et al, 2016[@CIT0029]GIC with AgNPsIn vitro study, *S. mutans*Inhibited bacteria growthLi et al, 2013[@CIT0082]GIC with AgNPsIn vitro study, *S. mutans*Inhibited bacteria growth and biofilm adhesionEl-Wassefy et al, 2018[@CIT0027]GIC with AgNPsIn vitro study, oral microcosmInhibited biofilm adhesionWang et al, 2015[@CIT0039]GIC with AgNPsIn vitro study, oral microcosmInhibited biofilm adhesionZhang et al, 2015[@CIT0083]GIC with AgNPsIn vitro study, oral microcosmInhibited biofilm adhesionZhang et al, 2016[@CIT0035]GIC with AgNPsIn vitro study, oral microcosmInhibited biofilm adhesionZhang et al, 2016[@CIT0044]GIC with AgNPsRat study, oral microcosmInhibited biofilm adhesionLi et al, 2015[@CIT0030][^1]

Effects of Silver Nanomaterials on Enamel and Dentin {#S0003-S2003}
----------------------------------------------------

Some (11/67) studies reported the inhibition of the demineralization of enamel and dentin under acid or cariogenic challenge. [Table 2](#T0002){ref-type="table"} summarizes the 11 publications that studied the effects of silver nanomaterials on the mineral content of enamel and dentin. Sound enamel treated with silver nanomaterials had a shallower lesion depth than did enamel treated with water after biofilm challenge.[@CIT0023] In addition, enamel with artificial caries can be treated with silver nanoparticles to increase microhardness.[@CIT0041] An orthodontic bracket coated with silver nanoparticles decreased the caries rate on an incisor's surface in a rat's mouth.[@CIT0013] In addition, resin with silver nanoparticles can increase the microhardness of dentin caries after acid (pH-cycling) challenge.[@CIT0014] A dental sealant with silver nanoparticles reduced the mineral loss of children's first molars in a clinical trial.[@CIT0026] Six studies investigated the remineralizing effect of nano silver fluoride. Sound enamel treated with nano silver fluoride has a similar value of microhardness to that of enamel treated with sodium fluoride.[@CIT0018],[@CIT0019] The microhardness value of enamel caries treated with nano silver fluoride is higher than that of enamel caries treated with sodium fluoride.[@CIT0020] However, the difference in the mineral content between nano silver fluoride-- and sodium fluoride--treated decayed enamel cannot be detected using optical coherence tomography.[@CIT0016] Nano silver fluoride did arrest the dentin caries of children in two clinical trials.[@CIT0017],[@CIT0021]Table 2Publications of Silver Nanomaterials and Mineral Content of Teeth (n = 11)NanomaterialStudy DesignMain FindingAuthor, YearAgNPsIn vitro study, enamel caries\
Group 1: AgNPs, Group 2: SDF, Group 3: WaterMineral content\
SDF \> AgNPs \> WaterScarpelli et al, 2017[@CIT0041]AgNPsIn vitro study, Sound enamel\
Group 1: AgNPs, Group 2: NaF, Group 3: WaterMineral content\
NaF \> AgNPs \> WaterWu et al, 2018[@CIT0023]AgNPsRat study, incisors\
Group 1: Bracket (AgNPs), Group 2: BracketCaries rate\
Bracket (AgNPs) \< BracketMetin-Gursoy et al, 2017[@CIT0013]Resin with AgNPsIn vitro study, dentin caries\
Group 1: Resin (AgNPs), Group 2:WaterMineral content\
Resin (AgNPs) \> WaterXiao et al, 2017[@CIT0014]Resin with AgNPsClinical trial (6 months), First molars, 40 children\
Group 1: Resin (AgNPs), Group2: ResinMineral content\
Resin (AgNPs) \> ResinSalas-López et al, 2017[@CIT0026]NSFIn vitro study, sound enamel\
Group 1: NSF, Group 2: NaF, Group 3: WaterMineral content\
NSF, NaF \> WaterSilva et al, 2018[@CIT0018]NSFIn vitro study, sound enamel\
Group 1: NSF, Group 2: NaF, Group 3: WaterMineral content\
NSF, NaF \> WaterTeixeira et al, 2018[@CIT0019]NSFIn vitro study, enamel caries\
Group 1: NSF, Group 2: NaF, Group 3: WaterMineral content\
NSF \> NaF \> WaterNozari et al, 2017[@CIT0020]NSFIn vitro study, enamel caries\
Group 1: NSF, Group 2: NaF, Group 3: WaterMineral content\
NSF, NaF \> WaterSilva et al, 2019[@CIT0016]NSFClinical trial, 1 year, 60 children 130 caries teeth\
Group 1: NSF, Group 2: WaterArrested caries rate:\
NSF \> WaterSantos et al, 2014[@CIT0021]NSFClinical trial, 1 year, 50 children, 159 caries teeth\
Group 1: NSF, Group 2: SDFArrested caries rate:\
No significant differenceTirupathi et al, 2019[@CIT0017][^2]

Discussion {#S0004}
==========

Although no time limitation was used as part of the search strategy, the publications that used silver nanomaterials to control caries emerged in 2008. Almost half (32/67, 48%) of these publications were published in 2016 to 2019. Silver nanoparticles of different sizes, of different concentrations, and with different synthetic materials were synthesized to investigate their potential use for caries prevention. Researchers also combined silver nanoparticles with other nanoparticles, such as calcium glycerophosphate and zinc oxide, to develop multi-functional nanocomposites for caries prevention.[@CIT0033] Sodium fluoride with silver nanoparticles can act as a strategy for preventing and arresting caries.[@CIT0017],[@CIT0018] Also, the addition of silver nanoparticles into restorative materials, such as adhesives and filling resins, can prevent secondary caries without compromising mechanical properties.[@CIT0023],[@CIT0024] Silver nanoparticles can furthermore be utilized in orthodontic treatment to prevent initial caries by cooperating with adhesives, brackets, elastomeric ligatures, and removable retainers.[@CIT0025]

Studies used cariogenic monospecies strains of genus *Streptococcus, Lactobacillus, Enterococcus, Pseudomonas*, and *Candida* to demonstrate the antimicrobial action of silver nanomaterials on microbial growth.[@CIT0033],[@CIT0034],[@CIT0040] *Streptococcus mutans* are the mostly frequently used bacteria in these studies. These are the most common cariogenic bacteria found in a carious lesion. *Streptococcus mutans* are also associated with the initiation and progression of caries. In the oral environment, bacteria are collective in the extracellular matrix to form biofilm. The biofilm can increase the resistance of microorganisms to antimicrobial agents by hindering the transport of agents.[@CIT0042] Therefore, the inhibition effect of biofilm adhesion is crucial for estimating the antibacterial effect of silver nanomaterials. Some researchers chose the single-species biofilm model in their studies because it is stable and easy to operate. However, single-species biofilm has a huge discrepancy with biological dental biofilm. Dental biofilm is a complicated ecosystem containing 1000 bacterial species. In addition, microcosm is cultured using materials including various bacteria and the extracellular matrix removed from the oral environment. It can effectively simulate the complexity and heterogeneity of the biological biofilm in the human mouth.[@CIT0043] Hence, the microcosm model was frequently selected in reviewed publications to examine the antibacterial effect of silver nanomaterials.[@CIT0039],[@CIT0044] An in situ model is still necessary for examining the anti-biofilm efficacy because even the microcosm model cannot entirely imitate the actual oral environment. Four publications use an animal study or clinical trial to obtain the authentic antimicrobial efficiency of silver nanomaterial.[@CIT0013],[@CIT0028]-[@CIT0030]

Silver nanoparticles bring forth an antibacterial effect for silver nanomaterials. Although the exact mechanism of silver nanoparticles' antibacterial effects has not been entirely clarified, various antibacterial actions have been proposed. Silver nanoparticles can release silver ions. The released silver ions can enhance the permeability of the cytoplasmic membrane and lead to the disruption of the bacterial envelope. After penetrating into the cell membrane, silver ions can deactivate respiratory enzymes and interrupt adenosine triphosphate production. Silver ions can also inhibit the replication of deoxyribonucleic acid and the synthesis of proteins.[@CIT0045] In addition to the release of silver ions, silver nanoparticles can kill bacteria by themselves. Silver nanoparticles can accumulate in the pits that form on the cell wall after they anchor to the cell surface. Also, the accumulated silver nanoparticles can cause the denaturation of the cell membrane. Silver nanoparticles additionally have the ability to penetrate bacterial cell walls and to subsequently change the structure of the cell membrane due to their nanoscale size.[@CIT0046]

The antibacterial effectiveness of silver nanomaterials toward cariogenic bacteria is related to the characteristics of silver nanoparticles in nanomaterials. Literature reviews concluded that silver nanoparticles of smaller sizes expressed stronger antibacterial ability against the planktonic *Streptococcus mutans*.[@CIT0031],[@CIT0038],[@CIT0047]-[@CIT0049] Small silver nanoparticles are prone to releasing silver ions due to their larger ratios of surface to volume. A large number of released silver ions intensely increases the inhibition effect of silver nanoparticles. In addition, capping agents affect silver nanoparticles' ability to inhibit cariogenic bacteria.[@CIT0040] Capping agents modify the surface of silver nanoparticles and then change silver nanoparticles' dissolution efficiency. The positively charged silver nanoparticles show strong bactericidal activity against *Streptococcus mutans*.[@CIT0050] Cariogenic bacteria, such as *Streptococcus mutans*, on the other hand, have cellular membranes with negative charges. Positively charged silver nanoparticles are inclined to approach cariogenic bacteria due to the presence of the electrostatic attraction between them. All in all, silver nanoparticles showed effective inhibition on both gram-positive and gram-negative bacteria.[@CIT0034] Note that gram-negative bacteria are generally more resistant to antibiotics than gram-positive bacteria are. The outer cell membrane of gram-negative bacteria acts as a unique barrier to prevent many antibiotics from entering cells. Also, silver nanoparticles are nanoscale size, which can contribute to penetrating into the outer cell membrane. Most studies used silver nanoparticles smaller than 50 nm, as it is harder for larger silver nanoparticles to penetrate biofilm.[@CIT0051]

Silver nanomaterials reduce the production of lactic acid in biofilm. It is circumstantial evidence to reveal that silver nanomaterials have the potential to reduce the demineralization of teeth. The assessment of mineral content is requisite to show that silver nanomaterials can inhibit the demineralization of teeth. Sound enamel treated with silver nanoparticles reduced mineral loss after biofilm challenge.[@CIT0023] This proved that silver nanoparticles can prevent caries by reducing the demineralizing effect through decreasing the acids that biofilm produces. A study using a chemical model (ie, no bacteria) found that silver nanoparticles increased the microhardness of enamel caries.[@CIT0041] Silver nanoparticles can penetrate into carious lesions and attach to hydroxyapatite crystals.[@CIT0020] In addition, silver ions released from silver nanoparticles can generate insoluble silver chloride on dental hard tissue.[@CIT0003] The precipitated silver nanoparticles and insoluble silver chloride increase the mineral density of dental hard tissue. In addition, silver nanomaterials can preserve exposed collagen in carious teeth. In the oral environment, the exposed collagen can be degraded by bacterial collagenases as well as proteinases in saliva and the dentin matrix, such as activated matrix metalloproteinases and cysteine cathepsins.[@CIT0014] Silver nanoparticles can inhibit and deactivate these enzymes. Then, the preserved collagen can act as a scaffold for the deposition of a mineral crystal and for the prevention of calcium and phosphate's further diffusion.

Despite the fact that silver nanoparticles display a positive effect on dental hard tissue, fluoride possesses a more profound remineralizing effect than silver nanoparticles do.[@CIT0023],[@CIT0041] Fluoride and its derivatives have been clinically applied for caries prevention. Fluoride can unite with calcium ions and hydrogen phosphate ions to form fluorapatite and fluorhydroxyapatite, which are more acid resistant than hydroxyapatite is. Fluoride also inhibits collagenases and therefore hinders dentin collagen degradation.[@CIT0052] Therefore, researchers proposed using nano silver fluoride to promote the remineralization of enamel and dentin. Studies showed that nano silver fluoride has a remineralizing effect on enamel caries using optical coherence tomography[@CIT0016],[@CIT0019] and the microhardness test.[@CIT0020] Also, a clinical study demonstrated that nano silver fluoride is as effective as silver diamine fluoride is in arresting caries.[@CIT0017] However, nano silver fluoride did not significantly stain a carious lesion, whereas silver diamine fluoride stained a carious lesion black. Still, many studies did not report the concentrations of silver nanoparticles and fluoride. Thus, further research is necessary to investigate the optimal concentrations of silver nanoparticles and fluoride for caries prevention.

The toxicity of silver nanomaterials mainly depends on the free silver ions released from silver nanoparticles. The silver ions can enter mammalian cells provoke the production of reactive oxygen species.[@CIT0053] This increase the oxidative stress and produce deleterious effects.[@CIT0054] Silver nanoparticles exhibit lower cytotoxicity to human oral cells, such as human gingival fibroblasts and dental pulp stem cells, than other silver compounds.[@CIT0003] And the silver nanoparticles-containing resins did not harm the viability of fibroblasts when they were immersed into typical saliva flow for an average person.[@CIT0037] There was no toxicity and adverse effects of 5% nano silver fluoride observed in clinical trial.[@CIT0017]

Although silver nanomaterials possess antibacterial and remineralizing properties, they are easily oxidized and aggregative. The stability of silver nanomaterials is a critical factor affecting the antibacterial effect of silver nanomaterials.[@CIT0055] Nevertheless, no publication has reported their long-term stability, and few studies have investigated the long-term antibacterial effect of silver nanomaterials.

Conclusion {#S0005}
==========

In this review, the silver nanomaterials used for caries prevention are categorized as silver nanoparticles, resin with silver nanoparticles, glass ionomer with silver nanoparticles, and nano silver fluoride. Silver nanomaterials can inhibit the growth of cariogenic bacteria and the adhesion of biofilm. They also inhibit collagenase activity and preserve the collagen matrix. In addition, they hinder the demineralization of enamel and dentin. Therefore, silver nanomaterials are promising materials for caries prevention. Because most studies are laboratory studies, further clinical studies are essential before they can be used for patient care.
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[^1]: **Abbreviations:** AgNPs, ﻿silver nanoparticles; *S. mutans, Streptococcus mutans*; MIC, ﻿minimum inhibitory concentration; MBC, ﻿minimum bactericidal concentration; NSF, nano silver fluoride; GIC, glass ionomer cement.

[^2]: **Abbreviations:** AgNPs, silver nanoparticles; SDF, silver diamine fluoride; NaF, sodium fluoride; NSF, nano silver fluoride.
